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h i g h l i g h t s
We evaluated a foamed 50/70 pen bitumen modiﬁed with Fischer–Tropsch wax.
 The additive reduced the dynamic viscosity of the binder above 100 C.
 The foam expansion ratio increased linearly with additive dosage.
 The foam half-life increased linearly with additive dosage.
 The foam index increased with the increase of FT wax concentration.a r t i c l e i n f o
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The aim of the research was to evaluate the properties of foamed bitumen, produced from a Fischer–
Tropsch synthetic wax modiﬁed 50/70 penetration grade bitumen for use as a binder in road construction
layers. The binders were subjected to conventional tests (including penetration, softening point, Fraass
breaking point and dynamic viscosity) as well as bitumen-foam-speciﬁc testing (including expansion
ratio, half-life and foam index at different foaming water contents). Optimum amounts of foaming
water and Fischer–Tropsch wax were identiﬁed and the binders were classiﬁed as relevant for different
low-energy bitumen mix production techniques.
 2015 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Hot mix asphalt (HMA) is the classic type of mineral–bitumen
mix for road construction, which requires heating of aggregates
and bitumen to temperatures exceeding 150 C. Due to high pro-
duction temperatures, HMA is highly energy-consuming and is a
source of greenhouse gas emissions affecting the environment.
The idea of reducing energy use and limiting emissions in road
construction industry has been a subject of interest for many years
now [1]. Foamed bitumen is a hot bituminous binder that has been
temporarily converted from a liquid state into a foam state by the
addition of a small percentage of water and pressurized air [2].Ladis H. Csanyi carried out a research on the possibilities of using
bitumen foam for producing Cold Mix Asphalt (CMA). Mobil Oil
Australia bought the patent rights for bitumen foaming from
Csanyi in 1968 and modiﬁed his technique by replacing steamwith
cold water, which marked a beginning for an increased interest in
application of CMA [2–4].
Warm Mix Asphalt (WMA), produced at temperatures between
100 C and 140 C, has been utilized in road construction for a
number of years now. Lower processing temperatures can be
achieved using chemical additives or by reducing bitumen viscos-
ity through organic modiﬁers such as synthetic Fischer–Tropsch
(FT) wax. The FT wax signiﬁcantly inﬂuences the rheological char-
acteristics of bitumen, enhancing its performance in service tem-
peratures (by increasing its viscosity below 100 C and elevating
softening point temperature). At the same time, FT wax decreases
bitumen viscosity in temperatures exceeding 100 C, permitting
lower compaction temperatures to be used [5,6].
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mixes is also possible by the introduction of a bitumen foaming
agent in the form of cold water or zeolite (natural or synthetic).
Jenkins et al. [7] proposed a new type of mineral–bitumenmixture:
the Half-Warm Mix Asphalt (HWMA) with foamed bitumen,
permitting the production temperatures under 100 C without
the use of any chemical additives (which however may be
necessary in some cases to improve bitumen foamability) [5].
Fischer–Tropsch wax added as a binder modiﬁer before foaming
reduces working temperatures by about 15–20 C (prior to
foaming, the temperature of the binder was 155 C, whereas the
conventional bitumen foaming temperatures range from 170 to
180 C).
Methods for producing mineral–bitumen mixes in lowered
temperatures contribute to efforts in preserving the natural
environment through decreased emissions of greenhouse gasses,
volatiles and the reduction in fossil fuel consumption [1,4,6,8].
Popularization of the HWMA with foamed bitumen in the road
construction industry provides direct economic and environmental
beneﬁts by ensuring better working conditions and considerable
cost savings.2. Materials and research methodology
2.1. Tested materials
Different types of bitumen are used in road construction industry, which physi-
cal and rheological properties depend on many factors such as crude oil source, pro-
cessing, detailed chemistry and colloidal structure [9]. Jenkins in one of his works
[10] has conﬁrmed the inﬂuence of all the mentioned factors on the quality of pro-
duced bitumen foam. Each type of bitumen behaves differently when subjected to
foaming. As the harder bitumen tends to clog the expansion chamber and the spray
nozzle oriﬁces, higher-grade bitumen is preferred, where clogging is practically
eliminated [10]. Softer bitumen gives foams of better properties, but has a negative
impact on providing bituminous mixtures with proper resistance to permanent
deformation (rutting). Bissada [11] and Abel [12] also observed that soft grades of
bitumen (with lower viscosities) have better foaming properties, higher expansion
ratio and longer half-life (HL) than the hard grades (with higher viscosities), which
in turn ensure better dispersion and proper coating of the mineral material.
Different behavior in respect to decay parameters of two penetration grades (PG)
of bitumen (PG 60, PG 100) was reported by He andWong [13]. Under the same test
conditions (bitumen temperature, air pressure, and water content), higher values of
expansion ratio (ER) were obtained for harder binders. In addition, He and Wong
observed a reverse relationship when analyzing HL, which was longer for the softer
bitumen (PG 100). It was concluded that the major factor in the observed relation-
ships was the difference in viscosity between the binders.
The most commonly used binders in Polish road construction are: unmodiﬁed
20/30, 35/50, 50/70 penetration bitumens and polymer modiﬁed bitumens
(PMBs) PMB 25/55-60 and PMB 45/80-55 [14,15]. The aim of the research was to
evaluate the characteristics of a foamed 50/70 binder and its potential for use in
production of road structural layers. To explore its broader range of applications,
the bitumen was modiﬁed with the synthetic FTwax, which by decreasing the bitu-
men viscosity at temperatures above 100 C [6] (before foaming) contributes favor-
ably to the foaming parameters associated with proper foam dispersion and
aggregate coating. Moreover, an improvement in mechanical parameters of the
mineral–bitumen mix (rutting resistance in particular) is expected due to the pres-
ence of FT wax increasing the bitumen viscosity at service temperatures [5,6].2.2. Experimental program
The research on the suitability of the 50/70 bitumen for foaming and construc-
tion of road structural layers consisted of two stages. First, the basic parameters of
bitumen before foaming process were assessed. Second, the bitumen foaming char-
acteristics were evaluated at different levels of foaming water content (FWC).
Bitumen foaming with water is possible without the use of any additives, some
bitumen modiﬁcation may be necessary to improve its foamability. Authors used
the synthetic FT wax to improve the foaming parameters of a 50/70 bitumen and
investigate a broader range of its applications. The following factor levels were
investigated:
– FWC – six levels: 1.5%, 2.0%, 2.5%, 3.0%, 3.5%, 4.0%,
– FT – seven levels: 0.0%, 0.5%, 1.0%, 1.5%, 2.0%, 2.5%, 3.0%.2.3. Bitumen properties
The impact of the FT wax modiﬁcation on the 50/70 penetration bitumen was
assessed with the FT content ranging from 0.5% to 3.0%, based on the following
characteristics:
– penetration (PG, EN 1426),
– softening point temperature (TR&B, EN 1427),
– breaking point temperature (TFraass, EN 12593),
– dynamic viscosity (g, EN 13702-2).
Other parameters evaluated included the penetration index (PI) and plasticity
range (PR). Penetration index quantiﬁes the binder temperature sensitivity and is
an indicator for the dynamics of hardening/softening phenomena under tempera-
ture changes. PI is calculated based on the two most basic bitumen rheological
parameters: the softening point temperature and breaking point temperature, in
accordance with formula (1):
PI ¼ 20TR&B þ 500 log PG 1952
TR&B  50 log PGþ 120 ð1Þ
Plasticity range, on the other hand, deﬁnes the temperature span in which the
binder retains its visco-elastic properties and is computed according to Eq. (2):
PR ¼ TR&B  TFraass ð2Þ
This parameter correlates well with the penetration index and it is favorable
when PR exceeds 60 C [9].
Low values of those both indices (IP, PR) suggest an increased temperature sus-
ceptibility of the binder.
Analysis of variance was used to test for the signiﬁcance of the FT wax impact
on the measured bitumen properties.2.4. Foamed bitumen properties
The physical characteristics of the bitumen foam were evaluated with the use of
two empirical parameters: maximum expansion ratio (ERm) and half-life (HL) [10].
ERm is a measure of the bitumen foam viscosity and therefore it is an estimate of
how well the foam can be dispersed in the aggregates to create an uniform
mineral–bitumen mix. Half-life indicates the foam stability and provides approxi-
mate information about the speed of foam decay [3]. Those parameters are inver-
sely proportional in terms of FWC – increase in FWC leads to an increase in ERm
and decrease in HL, and vice versa [16].
Bitumen foam characterization based on those two basic parameters (ERm, HL)
provides only partial information about the foaming capabilities of the bitumen.
Another parameter – the foam index (FI) is needed to complement the analysis. FI
takes into account the time dependency of the expansion ratio [10]. Foam index
is formulated as in Eq. (3):
FI ¼ HL
ln 2
 4 ERm 4 ln 4
ERm
  
þ 1þ c
2c
 
 ERm  ts ð3Þ
where c is a correction coefﬁcient (c = ERm/ERa), HL is the half-life (s), ts is the spray-
ing time, ERm is the measured maximum expansion ratio, and ERa is the actual
expansion ratio.
The foam parameters (ERm, HL, FI) of modiﬁed and unmodiﬁed bitumens were
evaluated during the second stage of the conducted research. The measurements
were taken under laboratory conditions using Wirtgen WLB 10S bitumen foaming
plant, which is commonly used laboratory equipment [17,18]. The tests were
carried out with the following arrangements:
– input bitumen temperature: 155 C,
– water temperature: 20 C,
– water ﬂow: 100 g/s,
– foaming time: 5 s,
– air pressure: 500 kPa,
– water pressure: 600 kPa.
The foaming water content was ranging from 1.5% to 4.0% in 0.5% increments in
respect to the binder mass to investigate the optimum parameters of bitumen foam.
The amounts of foaming water and foaming conditions were established based on
previous experiences of the authors [19,20] and other researchers [21–23]. The
results allowed for establishing appropriate levels of the analyzed factors (FT,
FWC) in respect to certain mineral–bitumen mix technologies. The analysis of sig-
niﬁcance of the considered factors was carried out using the two-way analysis of
variance.
Fig. 2. Inﬂuence of the FT content on the softening point temperature of the 50/70
bitumen.
Fig. 3. Inﬂuence of the FT content on the Fraass breaking point temperature of the
50/70 bitumen.
Table 1
Evaluation of signiﬁcant inﬂuence (ANOVA) of the FT factor on PG, TR&B and TFraass.
Response SS df MS F p-Value
PG 79800.97 6 79800.97 155168.50 <0.001
TR&B 96139.16 6 96139.16 846.30 <0.001
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3.1. The effects of the FT wax content on basic bitumen properties
The following basic rheological parameters of the bitumens
were investigated in the ﬁrst stage of the research: penetration,
softening point, Fraass breaking point, penetration index and
plasticity range.
Figs. 1–5 illustrate the measured bitumen characteristics,
whereas Table 1 shows the ANOVA results for the analyzed
parameters.
The obtained p-values (<0.001) considerably lower than the
adopted conﬁdence level (a = 0.05) indicate that the null
hypothesis can be rejected, therefore, the inﬂuence of FT wax con-
tent on the measured properties was recognized as statistically
signiﬁcant.
The results depicted in Fig. 1 show that the addition of FT wax
reduced the penetration of 50/70 base bitumen from 62.9
(0.1 mm) to 40.0 (0.1 mm) and increased the softening point from
50.4 C to 68.1 C, resulting in a signiﬁcantly harder binder. Similar
tests performed for the 35/50 Pen grade bitumen revealed [6] that
the addition of synthetic wax in an amount of 2.0% changed the
grade of the bitumen (penetration-wise) from 35/50 to 20/30.
The softening point at 2.0% FT modiﬁcation exceeded the tempera-
ture of 60 C, which is considered as the highest temperature in
pavement layers (summer) and is also adopted in the evaluation
of rutting resistance of bituminous layers (wheel tracking test,
EN 12697-22). Thus, it is expected that this increase in softening
point will contribute to improvement in permanent deformation
resistance of mineral–bitumen mixes [6]. The increase in Fraass
breaking point temperatures showed that the FT modiﬁcation
contributed to low temperature brittleness of the 50/70 binder.
The penetration index was the next analyzed parameter as an
indicator for the bitumen rheological characteristics in its visco-
elastic state. Lower PI values correspond to binders that promptly
alter their consistence due to changing temperature, or in other
words, binders with higher temperature susceptibility. The
obtained data show (Fig. 4) that when compared with the base
bitumen, the PIs increased along with the rising FT wax content.
The evaluated bitumens were classiﬁed as a sol–gel rheological
type, with penetration indices in the range from 2.0 to +2.0.
The FT modiﬁed bitumens had favorable PIs in a range from 0 to
+2.0, which indicates improved visco-elastic properties that are
retained in a wider range of temperatures and loading times.
Application of 3.0% modiﬁer to the 50/70 penetration grade bitu-
men reduces the thermal susceptibility of the binder, but itsFig. 1. Inﬂuence of the FT content on the penetration of the 50/70 bitumen.
TFraass 5214.30 6 5214.30 20249.71 <0.001increased stiffness can affect the rise in bitumen brittleness at
low temperature [24].
According to the data shown in Fig. 5, the FT wax modiﬁcation
resulted in an approximately 14 C expansion of the plasticity
range (from 65.5 C to 79.9 C), which supports the conclusions
from the analysis of the penetration indices.
Additionally, the dynamic viscosity tests were carried out to
assess the performance of the binders in a temperature range from
60 C to 160 C. Fig. 6 represents the changes of bitumen dynamic
viscosities in relation to binder temperature (only four characteris-
tics are shown for legibility).
The results of the dynamic viscosity tests support the ﬁndings
that the FT wax had a considerable effect on the base 50/70 binder.
At lower temperatures (<100 C) the modiﬁed bitumens exhibited
increased viscosities with the effect being stronger at higher wax
concentrations. In the temperature range of 90–105 C, which
marked the FT wax phase shift, the measured viscosities of modi-
ﬁed bitumens decreased, with varying dynamism (depending on
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the reference binder. The decrease in viscosity of the 3.0% FT wax
modiﬁed binder was the most signiﬁcant of the investigated
binders with this disproportion speciﬁcally pointing out in the
110–135 C temperature range.Fig. 5. Inﬂuence of the FT content on the plasticity range of the 50/70 bitumen.3.2. The effects of the FT wax content on the properties of bitumen
foam
The basic rheological characteristics alone are insufﬁcient for
predicting bitumen foamability potential. Therefore, the criteria
for assessing bitumens for foaming purposes are based on the
self-contained foam parameters (ERm, HL and FI). The foam charac-
teristics were measured on a base and FTwax modiﬁed (0.5%, 1.0%,
1.5%, 2.0%, 2.5%, 3.0%) 50/70 bitumen blends. The binder foaming
was investigated at different foaming water contents (1.5%, 2.0%,
2.5%, 3.0%, 3.5%, 4.0%).
First, the relationships between ERm and HL at different FWC
levels were investigated, which helped determine the optimum
foaming water content for each blend. Fig. 7 shows the mean val-
ues of the measured properties (ERm, HL) for the base bitumen,
along with a graphical method for identifying the optimum FWC
according to [17]. Figs. 8 and 9 depict the changes in ERm and HL
in modiﬁed bitumens at different FWC levels. Table 2 presents
the results of ANOVA tests for the mentioned parameters and
Table 3 shows the optimum FWC levels established upon the
ERm, HL and calculated FI values.
The mean values of evaluated characteristics (Figs. 8 and 9)
show that for all tested bitumens an increase in water content
resulted in higher expansion ratios and shortening of foam half-
life. Similar effect was achieved in terms of expansion by adding
and increasing the FTwax content, which contributed to increasing
bitumen foam volume. However, the FT wax also improved the
foam half-life and this effect was approximately proportional to
the amount of the modiﬁcation in dosing range from 0.5% to
2.5%. This pattern appeared to break at 3.0% wax concentration,
which resulted in a shorter foam half-life than the one exhibited
by the 2.0% FT-bitumen blend.
The analysis of variance (Table 2) shown that the considered
factors had signiﬁcant inﬂuence (p-values <0.001) on the measured
values of ERm and HL.
Linear regression models were used to describe the relation-
ships between the measured foaming characteristics (ERm, HL)
and the foaming water content. The calculated high values
(R2 > 0.96) of determination coefﬁcients along with a visualFig. 4. Inﬂuence of the FT content on the penetration index of the 50/70 bitumen.inspection of the plots are enough to say that the obtained
relationships are linear in their nature and that they describe the
phenomena accurately in given boundaries.
The estimated optimum foaming water contents, determined in
accordance with the recommendations [17] at the intersection of
ERm and HL characteristics, differed depending on the concentra-
tion of FT wax. The optimum foaming water content for the base
50/70 bitumen, 0.5% and 1.0% FT modiﬁed binders was established
at the level of FWC = 2.5%, whereas for bitumens with FT concen-
trations ranging from 1.5% to 2.5% it was determined at
FWC = 2.0%. The optimum foaming water for 3.0% FT–bitumen
blend was equal to 1.5% to counter the decreased binder viscosity.
The foam index is a compound measure of both bitumen viscos-
ity (expressed in the form of ERm) and its stability (HL) across a
given time span. Based on the analysis of this parameter in scope
of FWC levels (Fig. 12) it can be said that the quality of bitumen
foam was increasing up to the 2.5% and 3.0% levels of FWC.
Further increase in the foaming water content resulted in a decrease
of FI values. According to Jenkins [10], this is a result of the fact that
lower amounts of steaming water fail to produce enough vapor
pressure to expand the bitumen sufﬁciently. On the other hand,
too large amounts of foaming water create excessive amounts of
vapor that breach the bitumen bubbles causing energy loss.
The foamed bitumens with 2.0%, 2.5% and 3.0% FT wax modi-
ﬁcation successfully obtained foam indices FI > 180, which as
Jenkins [10] suggests, is the lower desirable boundary for
HWMA. The remaining blends, according to the Wirtgen Cold
Recycling Manual 2004 can be used for CMA layers as their
computed foam indices were exceeding the value of 75 s, thus
classifying the quality of bitumen foam as ‘‘moderate’’, ‘‘good’’
and ‘‘very good’’ (depending on the aggregate temperature).
The observed bitumen foaming behavior was coherent with
general conclusions reported by other researchers in [11] and
[12], stating that binder with lower viscosities are more suitable
for foaming and require lower FWC. The addition of FTwax affected
the bitumen foaming process in two ways. First, by decreasing its
viscosity in higher temperatures, allowing for increased expansion
ratios. Second, as the foam expanded and was cooled by air and the
foaming water, the viscosity of bitumen thanks to the properties of
the FTwax increased rapidly stabilizing the foam and increasing its
half-life. However, this was not true for the bitumen with 3.0%
addition of the FT wax. Here the increase in ERm was maintained,
but the HL decreased, resulting in a halt in foam index increase.
This behavior was probably caused by the bitumen ﬁlm in the
foam becoming so thin that the increased viscosity could not
compensate and the mentioned earlier water vapor leaking.
END OF COMPACTION 
END OF MIXING 
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Fig. 6. Inﬂuence of the FT content on the dynamic viscosity of the 50/70 bitumen in a temperature range from 60 C to 160 C.
Fig. 7. Determination of the optimum foaming water content for the 50/70
bitumen.
Fig. 8. Inﬂuence of the FT content and FWC on the expansion ratio of the 50/70
bitumen.
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describing the measured parameters of bitumen foam inﬂuenced
by the investigated factors (FWC, FT):
– ﬁrst degree polynomial for ERm i HL (Figs. 10 and 11),
– second degree polynomial for FI (Fig. 12).
The model can be speciﬁed in general as Eq. (4):
y ¼ b0 þ b1  x1 þ b2  x2 þ b3  x2  x1 þ b4  x21 þ b5  x22 ð4Þ
where: x1 = FT (%), x2 = FWC (%), b0b5 – regression coefﬁcients.
The evaluation of model ﬁtting is presented in Table 4. The
obtained coefﬁcients of determination indicate a very good (for
ERm and HL parameters: R2 > 0.9) and good (for FI parameter:
R2 = 0.86) model ﬁt. What is more, the p-values calculated for the
T statistic of FT and FWC factors were considerably smaller thanFig. 9. Inﬂuence of the FT content and FWC on the foam half-life of the 50/70
bitumen.
Table 2
Evaluation of signiﬁcant inﬂuence (ANOVA) of the FT and FWC factors on ERm, HL and
FI.
Response Effect SS df MS F p-Value
ERm FT 2474.64 6 412.44 3659.2 <0.001
FWC 1671.97 5 334.39 2966.7 <0.001
FT * FWC 31.77 30 1.06 9.4 <0.001
HL FT 515.44 6 85.91 1095.7 <0.001
FWC 1882.98 5 376.60 4803.3 <0.001
FT * FWC 30.13 30 1.00 12.8 <0.001
FI FT 1063804.7 6 177300.8 3423.82 <0.001
FWC 71435.31 5 14287.06 275.89 <0.001
FT * FWC 17874.99 30 595.83 11.51 <0.001
Table 3
Properties of foamed bitumen at optimum FWC.
FT wax content (%) Optimum FWC (%) ERm HL (s) FI (s)
0.0 2.5 11.06 10.23 86.94
0.5 2.5 12.08 10.38 103.04
1.0 2.5 12.78 11.98 121.57
1.5 2.0 14.83 12.89 163.17
2.0 2.0 17.26 16.42 248.16
2.5 2.0 18.18 17.68 284.79
3.0 1.5 15.73 17.20 223.85
ERm=0.305536+3.751548*FT+3.660*FWC 
R2=0.956766, p-value < 0.0001
Fig. 10. Inﬂuence of the FT content and FWC on the foam expansion ratio.
HL=19.94271+1.56167*FT-3.90873*FWC 
R2=0.936192, p-value < 0.0001
Fig. 11. Inﬂuence of the FT content and FWC on the foam half-life.
FI=-167.085+96.900*FT+1.194*FT^2+140.991*FWC-20.530*FWC^2-8.249*FT*FWC 
R2=0.860092, p-value < 0.0001 
Fig. 12. Inﬂuence of the FT content and FWC on the foam index.
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relationships were statistically signiﬁcant.
In accordance with the guidance proposed in the Wirtgen Cold
Recycling Technology [25], the requirements for bitumen foam
parameters in CMA mixes are as follows:
– ERmP 10 and HLP 8 s for aggregate temperatures from 10 C
to 15 C,
– ERmP 8 and HLP 6 s for aggregate temperatures above 15 C.
On the other hand, according to Technical Guideline TG2 [26] the
minimum allowable values of ERm and HL are 10 and 6 s for aggre-
gate temperatures from 10 C to 25 C and ERmP 8, HLP 6 s
when aggregate temperature is above 25 C. Muthen [3] suggestsminimum values of ERm = 10 and HL = 12 s, while the South
African guidelines TG2 [27] recommend 7 s for both ER and HL. As
all the above mentioned recommendations relate to the cold mix
recycling, Jenkins [10] speciﬁed the following constraints on the
foam parameters, relative to a broader range of applications:
– surface dressing: ERm = 10, HL = 30 s,
– cold mixes: ERm = 15, HL = 15 s,
– RAP and half-warm mixes: ERm = 17, HL = 13 s,
– cold mixes containing materials with encapsulated contami-
nates (e.g. tars): ERm = 25, HL = 10 s.
Based on the measured characteristics of the foamed bitumen
(ERm, HL, FI) it was possible to accordingly assign the investigated
binders for use in different types of bituminous mixes. This classi-
ﬁcation is presented in Table 5.
Table 4
Evaluation of the statistical models for the ERm, HL and FI responses.
Response Effect Param. SE t p-Value 95.00% Cnf. Lmt +95.00% Cnf. Lmt
ERm Intercept 0.305536 0.597614 0.51126 0.612052 0.903254 1.514325
FT 3.751548 0.161923 23.16865 0.00000 3.424027 4.079069
FWC 3.660000 0.189625 19.30122 0.00000 3.276447 4.043553
HL Intercept 19.94271 0.553593 36.0241 0.00000 18.82296 21.06246
FT 1.56167 0.149996 10.4114 0.00000 1.25827 1.86506
FWC 3.90873 0.175657 22.2521 0.00000 4.26403 3.55343
FI Intercept 167.085 63.17058 2.64498 0.012031 295.201 38.9693
FT 96.900 24.21063 4.00237 0.000299 47.798 146.0013
FT^2 1.194 5.78273 0.20655 0.837522 10.533 12.9224
FWC 140.991 45.41639 3.10441 0.003703 48.882 233.0999
FWC^2 20.530 8.03065 2.55648 0.014937 36.817 4.2432
FT * FWC 8.249 5.86476 1.40661 0.168117 20.144 3.6448
Table 5
Classiﬁcation of the investigated 50/70 base and modiﬁed binders for CMA and
HWMA mineral–bitumen mixes.
Foamed-
bitumen–
mineral mix
type
FT wax
content
(%)
Foaming parameters
c ERm ERa HL
(s)
FI (s) FWC
(%)
CMA (Cold Mix
Asphalt)
0.0 0.86 11.06 12.86 10.23 86.94 2.5
0.5 0.86 12.08 14.05 10.38 103.04 2.5
1.0 0.85 12.78 15.04 11.98 121.57 2.5
1.5 0.87 14.83 17.05 12.89 163.17 2.0
CMA and
HWMA (Half
Warm Mix
Asphalt)
2.0 0.89 17.26 19.39 16.42 248.16 2.0
2.5 0.90 18.18 20.20 17.68 284.79 2.0
3.0 0.89 15.73 17.67 17.20 223.85 1.5
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The article presents ﬁndings of an investigation concerning the
inﬂuence of FT wax modiﬁcation on the foamability of 50/70 bitu-
men, complemented by tests for basic rheological properties of the
base and modiﬁed bitumen.
Normally, both WMA and HWMA with foamed bitumen use
softer binders for coating ability and compaction. However, asphalt
mixes with harder binders have better mechanical properties,
including in particular improved resistance to rutting/permanent
deformation and the action of water and frost. The Fischer–
Tropsch wax improved the foaming parameters (expansion ratio
and half-life) of the moderately stiff 50/70 base binder, while mak-
ing it harder and more resistant in service temperatures.
Detailed analysis of the obtained results leads to following
conclusions:
– the Fischer–Tropsch synthetic wax had a signiﬁcant inﬂuence
on the basic parameters of the modiﬁed bitumens as well as
on the bitumen foam produced from those binders,
– the increase in FTwax content (in the investigated range of 0.5–
3.0%) resulted in a considerable hardening of the 50/70 binder,
which was expressed by decreased penetration and increased
softening point temperature, presumably leading to improved
resistance to permanent deformation of the eventual mineral–
bitumen mix,
– an increase of FT wax content in range from 0.0% to 2.5%
induced an improvement in bitumen foamability, which was
demonstrated in increased expansion ratios and half-lives,
– in relation to the 2.5% modiﬁcation, the 3.0% FT wax content in
the 50/70 base bitumen resulted in a decrease in bitumen foam
half-life, nevertheless the result was notably more favorable
than the one obtained by the base bitumen,– optimum FWCs were as follows: a 2.5% FWC was established for
the 50/70 bitumen with 0.0% to 1.0% FT content, a 2.0% FWCwas
established for the binder with 1.5–2.5% FT content and 1.5%
FWC was established for the binder with 3.0% FT,
– the most favorable foaming results were achieved for the bitu-
men containing 2.0%, 2.5% and 3.0% of FT wax, which could be
used for both CMA and HWMA mixes, whereas the remaining
blends were adequate only for CMA mixes.
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